Giant clams of the family Tridacnidae live in symbiosis with intercellular dinoflagellates of the genus Symbiodinium, often referred to by the trivial name "zooxanthellae." Intact clams take up both ammonium and nitrate when they are offered separately. When zooxanthellae were removed from the mantle and incubated in hemolymph, they took up ammonium, and they took up nitrate when ammonium concentrations were low enough (< 1 PM) not to inhibit uptake. The pH of hemolymph collected from the venous sinuses (immediately below the mantle tissue where most of the zooxanthellae reside) varied on a diel cycle, with highest values (-8.1) measured during the middle of the day and lowest (-7.2) detected at night. Zooxanthellae are probably responsible for the alkalization of the hemolymph since the increase in pH is coincident with maximum light levels and photosynthesis. Natural concentrations of ammonium in the hemolymph of freshly collected clams were inversely correlated with pH, with highest values detected at night when pH was lowest. Rates of diffusion of ammonia from seawater (pH 8.1) into animal compartments of lower pH were proportional to the pH differential. Diffusion of ammonia over a pH gradient, with diel variation in pH, may act to regulate availability of nitrogen to the algal symbionts in all zooxanthellae symbioses, including reef corals, thereby controlling the timing and rate of algal division.
Giant clams of the family Tridacnidae live on coral reefs where the seawater is typically low (~0.5 PM) in dissolved nitrogen. Additions of ammonium or nitrate to juvenile Tridacna derasa or Tridacna gigas lead to increased density and growth rate of their symbiotic dinoflagellates, called zooxanthellae, as well as increased growth rates of the clam in terms of both shell length and wet tissue weight (Hastie et al. 1992; Fitt et al. 1993a; Belda et al. 1993) . Small juvenile clams appear to benefit more, in terms of rapid growth, from addition of nitrogen than do larger clams, apparently because of higher densities of zooxanthellae, while larvae and newly metamorphosed juveniles have no zooxanthellae and release ammonium to the environment (Fitt et al. 19933 ).
D. Hopley were instrumental in arranging logistics for Orpheus Island visits. C. Cook, P. Falkowski, and W. Wiebe gave critiques to earlier versions of the manuscript. D 'Elia (1977) first proposed the "depletion-diffusion" model as a mechanism by which inorganic phosphorus and later inorganic nitrogen (D'Elia et al. 1983 ) may be acquired by symbiotic corals. In the model, a gradient in the nutrient concentration between seawater (the source) and the intracellular environment is established by assimilation of the nutrient by the zooxanthellae that live inside cnidarian digestive cells. Miller and Yellowlees (1989) indicated that both ammonia and carbon dioxide diffuse along pH gradients and would be concentrated as their charged species at more acid or alkaline pH, respectively. Although the model has been modified and criticized with respect to charged nutrients since it was first proposed (Raven 1992) , the basic premise of a concentration gradient established by physiological processes occurring within the zooxanthellae serves as the foundation of this major but untested theory.
Giant clams, like most bivalves, have an open circulatory system containing blood serum and phagocytic cells. Arteries extending from the heart supply the major organs and muscles in the ventral portions of the clam and empty into the hemal sinuses in the mantle. The hemal sinuses of the mantle empty into the venous sinuses, two large spaces on either side of the clam and below the mantle. The venous sinuses are adjacent to the gill chamber, and blood from the these sinuses can be sampled by syringe or by killing the clam ). The heart lies in the pericardial sac at the base of the clam, near the hinge and umbo, and pumps blood through arteries into the sinuses of the open circulatory system characteristic of molluscs. The extracellular algal symbionts are found primarily in tubular extensions of the digestive system which are separated from hemolymph in the siphonal regions of the mantle by the relatively thin-walled tubule (Norton et al. 1992) . The hemolymph surrounds the tertiary tubules containing the zooxanthellae, so it is likely that dissolved nutrients passing to and from the zooxanthellae would also be present in the hemolymph. Such is apparently the situation with glucose, the concentration of which varies diurnally in hemolymph, being more than threefold greater at midday than at nighttime ). In the case of dissolved ammonia, there are two potential sources from which tridacnids could take advantage. First, ammonia (NH,) in seawater could diffuse across membranes, especially in the gill chamber, and concentrate on the low side of a pH gradient (Miller and Yellowlees 1989) ; for instance, a decrease of 1 pH unit between seawater and animal could theoretically concentrate ammonium in the animal at 10 times the concentration found in seawater. Second, ammonia could be released from clam tissue as a by-product of protein and nucleotide catabolism. The hemolymph of giant clams has characteristics similar to seawater, except that relatively high concentrations of ammonium and glucose are present, as well as phagocytic cells and proteins such as the lectin tridacnin (Rees et al. 19933) .
We present data that show the existence of a pH gradient between seawater and animal fluids (hemolymph) and present the first evidence that changes in pH are related to concentration of ammonium in these fluids. In addition, we show that the pH and concentration of ammonium in venous hemolymph varies on a predictable diel cycle, apparently related to photosynthesis of the zooxanthellae. Zooxanthellae live in membrane-bound tubules that are surrounded by hemolymph in the adjacent mantle sinuses. We speculate that this mechanism of controlling diffusion of ammonia across membranes is responsible for regulating the availability of nitrogen to zooxanthellae and their subsequent phased growth and diel division (Fitt and Trench 1983) .
Materials and methods
Collection and maintenance of animals-We collected T. gigas from cultured stocks at the Orpheus Island Research Station, Queensland, Australia; the clams were cleaned as previously described (Fitt et al. 19933) . Cleaned clams were kept for at least a week in raceways with filtered seawater (FSW = 80-l OO-pm-filtered seawater with a flow rate of 10 liters min-l) containing either no additives (=control raceway) or with ammonium added as NH4C1 (ammonia raceway) by means of a drip system. The mean concentration of ammonium measured in the ammonia raceway was 23+5 (SD) PM, with a range of 18-30 PM. The mean concentration of ammonium in seawater from Orpheus Island was 0.6kO.3 (SD) PM (n = 12). Nitrate concentrations were typically undetectable (~0.3 PM). Ammonium in the control raceway containing between 20 and 100 T. gigas was undetectable (co.3 PM). The pH of seawater at Orpheus Island was 8.10f0.10.
Biomass determinations-Clam lengths were determined with calipers. Hemolymph volume was measured with graduated cylinders after collecting blood from pierced venous sinuses. The clam tissue was then removed from the shell, and the mantle and total wet weight were measured after blotting repeatedly with paper towels to remove most liquid. Densities of zooxanthellae in the mantle were calculated from replicate (n = 6) hemocytometer counts of homogenized mantle tissue and total wet weight (see Fitt et al. 1993b ).
Hemolymph samples -Hemolymph samples were obtained by piercing the venous sinuses or pericardial sac and emptying the contents into a beaker. The pH was measured with a glass electrode (Orion, Beckman, or Fisher meters with 0.01 pH unit sensitivity) immediately after samples were obtained and seemed to be stable for at least 30 min. Ammonium concentrations were determined after centrifugation (1,500 x g, 5 min) of hemolymph with a modification (Wilkerson and Trench 1986) of the phenolhypochlorite method (Liddicoat et al. 1975 ). For diel samples, dawn was between 0500 and 0530 and sunset was at -1830 hours. Hemolymph volume was also standardized to clam wet weight.
Uptake of DIN-Freshly isolated zooxanthellae (FIZ)
were obtained as previously described (Fitt et al. 19933) . All isolations and experiments were conducted during daylight hours. Hemolymph was freshly prepared from clams and centrifuged (1,500 x g, 5 min) before use. FIZ were added to the hemolymph or to FSW to a final concentration of -100,000 cells ml-l. The reaction mixture was then spiked with nitrate (final concn, -10 PM), ammonium (O-20 PM), or both, and duplicate samples were removed at 10 or 15 min to measure DIN (dissolved inorganic nitrogen) concentration. Depletion was linear over this period. Samples were vacuum filtered through Whatman GFK filters to remove zooxanthellae before immediate measurement of either ammonium or nitrate. Control vials consisted of spiked FSW containing no zooxanthellae. All experiments were run in triplicate and mean values plotted. Ammonium was measured as described above. Nitrate was determined by the methods of Wood et al. (1967) . Rates of depletion were calculated from the difference in nitrogen concentrations between initial and end concentrations. No significant depletion of ammonium or nitrate was ever observed in control vials spiked with ammonium or nitrate but containing no zooxanthellae.
Our previous experiments showed little difference in rates of depletion of ammonium by intact clams in light and dark (Fitt et al. 1993b) . In most nutrient depletion experiments with cnidarians, dark conditions were created by covering the animals or algae in the daytime. To resolve the issue of whether depletion of ammonium in the light is significantly higher than that in the dark under natural conditions of day and night, we placed 12 clams from the control raceway in individual dishes, each containing 2 liters of FSW. NH4Cl was added to a final concentration of 20 PM, the water stirred every 5-10 min, and the concentrations of ammonium in the FSW determined at time 0 and 60 min. Rates of depletion were calculated from six of the clams (12.9&0.3-cm shell length) in the daytime (1330-l 430 hours) and the other six clams (12.3+0.8-cm shell length) at night (2100-2200 hours). In one set of experiments, we estimated the appearance of ammonia-ammonium in the venous sinuses after placing control clams in the ammonia raceway (-20 PM NH,Cl) for 1 h during the early morning. Concentrations of total ammonia and pH were determined by syringe samples taken before and after immersion of clams in ammonia.
Results
Biomass determinations -Hemolymph volume increased as a power function of increasing clam length [data not shown, hemolymph volume in ml = (0.03 1 6)(L3.1 5), r = 0.99, n = 421, such that a 35-cm-long T. gigas contained >2 liters of blood in the venous sinuses. Although there was also hemolymph in the siphonal tissues, it was not collected because it did not readily drain from the mantle tissue even with exerted pressure. However, any residual hemolymph probably represented a small proportion of the total volume. Total number of zooxanthellae also increased with length as a power function [No. zooxanthellae = (7.94 x 105) (L2.54), r = 0.99, n = 21, see Fitt et al. 1993b] , such that there were -4.5 x lo6 zooxanthellae per milliliter of hemolymph in T. gigas (Fig. 1 ). This linear relationship may indicate a functional physiological relationship between zooxanthellae and hemolymph. Hemolymph characteristics-
The pH of hemolymph sampled over a 24-h period from control clams (16 &2-cm average shell length, + SD) exhibited diel variation with the pH increasing to maximum values in the middle of the day and decreasing at night (Fig. 2) . Ammonium levels in the blood followed an opposite pattern, with highest concentrations measured at night (Fig. 2) . The relationship between pH and ammonium showed an inverse correlation (Fig. 3) , with ammonium increasing as hydrogen ion concentration decreased. The slope (PM ammonium/H+ x 1O-s) was 2.OOk1.17 (+95% C.I. Days in ammonium Days in ammonium
The role of diffusion of ammonia into clam tissues was investigated with clams from the control raceway which were transferred in the morning to a raceway containing -20 PM ammonium, following an initial measurement of ammonium concentration and pH of blood in the venous sinuses. After 1 h, 20 ml of hemolymph was removed from each clam by syringe. The pH of the hemolymph was still within 0.1 pH units of the pH at the beginning of the experiment, but the ammonium concentration had increased at a rate inversely proportional to the pH (Fig. 4) , resulting in higher concentrations of ammonium in hemolymph of lower pH. were isolated from their tubules in the hemal sinuses of the mantle and added to centrifuged hemolymph (the medium they live adjacent to in the mantle) took up the ammonium present in the blood (Fig. 6 ). When nitrate was added to the hemolymph (spiked), ammonium was taken up first, and depletion of nitrate could only be detected after ammonium concentrations were 12 PM (Fig.  6) . Similarly, when ammonium was added to FSW containing FIZ, uptake of nitrate by FIZ also decreased ( Table  2 ), such that nitrate uptake was inhibited at concentrations of ammonium as low as 0.01 PM.
Depletion of DIN by intact clams-The ability of intact control clams to take up ammonium was tested in the day and at night by monitoring depletion of total ammonia. Rates of uptake of ammonium were not significantly different when measured during the day [29.4+ 5.4 (SD) pmol h-l clam-', n = 61 than when measured in the dark at night [25.9*7.4 (SD) pmol h-l clam-', n = 61.
Discussion
Invertebrates that live in symbioses with algae have the same metabolic machinery as nonsymbiotic organisms. In zooxanthellae symbioses, the partners live in such close association that the metabolic activities of one partner are likely to affect the other. Our results illustrate how diel changes in the pH of the hemolymph of the giant clam T. gigas may affect the availability of nitrogen to the symbiosis. The changes in pH are likely caused by the changes in inorganic carbon concentrations due to photosynthesis by the symbiotic dinoflagellates . In other words, zooxanthellae seem to alter their immediate environment through photosynthesis such that availability of ammonium is also affected. In the morning, photosynthesis occurs in the symbiotic algae, and pH in the venous sinus hemolymph increases to levels nearly as high as that of seawater. The change in pH can be explained by the accumulation of hydroxyl ions in the hemolymph following transport of CO2 to the zooxanthellae. The CO, is generated from bicarbonate, the major inorganic carbon species in the hemolympha reaction that is facilitated by the presence of high levels of host carbonic anhydrase in the mantle ). An increase in pH of culture medium has also been demonstrated for isolated zooxanthellae from Tridacna crocea during photosynthesis (D'Elia et al. 1983) . The pH in the clam tubules in which the zooxanthellae live is probably even higher than that of the hemolymph sampled in this study from sinuses below the mantle. Indeed, in the red alga Gracilaria conferta, the pH on the surface of the thalli increases to 9.4 during photosynthesis (Israel and Beer 1992) . The buffering system within the tissue and hemolymph is apparently not sufficient to control the alkalization caused by the zooxanthellae. The diurnal rhythm in pH will therefore have a significant effect on the charge of some essential nutrients necessary for the symbiosis, including CO2/HCO3-and NH,/NH,+ . We suggest that this is the case with NH,/NH,+.
That the pH affects availability of ammonium is clearly seen from the variation of ammonium concentrations as a function of hemolymph pH. The higher the pH, the lower the concentration of ammonium. This correlation (Fig. 3) indicates that as pH increases, the ability to acquire ammonium from the seawater by diffusion decreases because of the quenching of the pH gradient between the seawater and hemolymph. This hypothesis was confirmed by the experimental results displayed in Fig. 4 , where ammonium increased to higher concentrations and at faster rates in clams having a lower hemal pH. The ability of a giant clam to alter diffusion of ammonium between seawater and clam tissues may be even more pronounced in areas of the clam where the pH differential is greater, such as in the zooxanthellae tubules during the middle of the day, when a pH potentially higher than that of seawater (see Israel and Beer 1992) would create a reverse gradient with respect to seawater and thus cause a depletion of ammonium in the vicinity of the algae. Such a phenomenon would have an obvious diel rhythm as pH decreases at night, resulting in an increase in availability of ammonium in the symbiosis.
Zooxanthellae cells divide at night in culture and in many undisturbed symbioses, including giant clams, with a peak in cytokinesis at dawn (Fitt and Trench 1983; Fitt et al. 1993a; Hoegh-Guldberg 1994) . Although phasing of division of phytoplankton has a diel light component in nature, nitrogen pulses are also known to influence timing and quantity of alga division. For instance, some diatoms maintained in the laboratory on a light-dark cycle or in constant light exhibited peaks of cell division following a pulse of nitrogen, whereas additions of the same daily total of nitrogen in equal increments throughout the day eliminated the periodicity within 24 h (Quarmby et al. 1982; Yoder et al. 1982) .
Phased division of phytoplankton in nature has often been attributed to pulses of nitrogen, and some studies suggest natural diel pulses based on species composition, competition, and capability of assimilating nitrogen (Doyle and Poore 1974) . Similarly, zooxanthellae division in the anemone Aiptasia sp. maintained on a 14: 10 or 12: 12 L/D cycle is phased when the hosts are fed at the same time every day, but phasing disappears with haphazard or infrequent feeding (Muller-Parker 1984; Fitt unpubl.) . In addition, zooxanthellae in the coral Pocillopora damicornis lost their diel rhythm in cell division when the corals were subject to prolonged exposure to 20 and 50 PM ammonium (Hoegh-Guldberg 1994) . Although zooxanthellae living inside cnidarian and molluscan hosts respond to additions of ammonia-ammonium or nitrate with higher rates of division HoeghGuldberg 1994) , previous research has not addressed the timing of division in relation to the timing of additions of nitrogen. Our data suggest that division of zooxanthellae living in giant clams, as well as those living in corals and other cnidarians, may be cued by daily pulses of ammonia diffusing in from seawater and concentrating inside of intra-and intercellular spaces when the pH is lower than that of seawater. For instance, ammonium would potentially be available to the giant clam symbioses starting in late afternoon, with algal division peaking about dawn. This time-course of cell division is remarkably similar to that in green hydra, where the host cells and symbiotic algae divide -12 h after feeding (McAuley 1982) .
An alternative interpretation of our data is that zooxanthellae take up ammonium in the light but not in the dark, therefore giving rise to the diel periodicity in concentration of ammonium in the hemolymph. However, the data currently available suggested that this is not the case. The rates of depletion of ammonium in the dark show little or no difference from those measured in the light, whether determined from experiments involving intact molluscan or cnidarian hosts (Muscatine and D'Elia 1978; Burris 1983; Fitt et al. 19933) , freshly isolated zooxanthellae (D'Elia et al. 1983; cf. Wilkerson and Trench 1986) , or zooxanthellae in culture (Domotor and D'Elia 1984) . This phenomenon is confirmed in our study. In addition, a decrease in rates of depletion by intact clams in constant darkness is slow, taking about a week before net release of ammonium is observed (Wilkerson and Trench 1986; Rees unpubl.) . These latter observations are similar to those made on symbiotic corals, which release no ammonium during a 12: 12 L/D or natural diel cycle (e.g. Muscatine and D'Elia 1978) .
There are at least two external sources of ammonium potentially available to the zooxanthellae in the mantle. The first is the ammonium generated by catabolic processes in the host tissue. These will include the areas of high metabolic activity (i.e. heart) and organs with high secretory activity in the lower dorsal region of the giant clams (Goreau et al. 1973) , where carbon dioxide is produced in quantities that may overwhelm the buffering capability of the surrounding fluids and may contribute to the concentration of ammonium in these tissues by facilitating diffusion. Indeed, the highest concentration of ammonium found in T. gigas was in the pericardial sac of two clams (Table 1) , where the pH was 0.3 and 1.2 pH units lower than that measured in the venous hemal sinuses. The host mantle, while not as metabolically active as other organs, forms the bulk of the clam tissue and may be quantitatively significant in terms of ammonium production. However, high activities of glutamine synthetase found in the host mantle tissues may assimilate much of the ammonium before it has a chance to reach the symbiotic algae (Rees et al. 1994) .
The second source of ammonium is seawater, as seen by the increase in hemolymph concentration following incubation of clams in the ammonium raceway (Fig. 4) . The depletion-diffusion hypothesis holds that diffusion gradients between seawater and the symbiosis facilitate nutrient acquisition and are created by assimilation of the nutrient (D'Elia et al. 1983) , with ionizable molecules also subject to the concentrating mechanism of "acidtrapping" (Miller and Yellowlees 1989) . Our data are consistent with this hypothesis. The actual sites of depletion are currently controversial, with evidence of assimilation by zooxanthellae and host tissue often equivocal (e.g. Miller and Yellowlees 1989; Rees 199 1) . However, the fact that any nutrient reaching the zooxanthellae must most likely first pass through host tissue is not controversial. Diffusion is likely across the thin membranes lining the hemal sinuses in the mantle cavity of the giant clam, but ammonium probably also originates by diffusion across the gill and mantle membranes. The high glutamine synthetase activities in host gill and mantle tissues indicate that conservation of nitrogen in the giant clam symbiosis is important and that both organs are probably involved (Rees et al. 1994) .
Our results also show that while zooxanthellae in T. gigas can directly utilize ammonium from seawater (via the hemolymph), they are apparently not nitrogen sufficient in the mantle. When removed from the host, they exhibit some of the characteristics indicative of nitrogenstarved algae, including high rates of uptake of DIN compared to those of zooxanthellae from hosts kept in high ammonium for 2-14 d (Fig. 5, cf. Yellowlees et al. 1994) . The data suggest that ammonium is not readily available to zooxanthellae in the mantle even though the hemolymph in the large venous sinuses lying below the mantle always contains 2-4 PM ammonium. This conclusion is supported by the fact that both intact clams and FIZ take up nitrate (Wilkerson and Trench 1986; Fitt et al. 1993a) , an observation characteristic of a low ammonium environment because nitrate uptake by FIZ is inhibited at concentrations of ammonium as low as 0.0 1 PM (Table  1) and nitrate uptake by intact Tridacna can be inhibited with < 1 PM ammonium (Table 2, Fitt et al. 1993a) . Therefore, we propose that ammonium in the venous sinuses, as well as that in seawater, is available to zooxanthellae only when pH gradients are favorable for diffusion.
We conclude that zooxanthellae residing in the mantle of giant clams seem to live in a low ammonium environment but receive pulses of ammonium diffusing from seawater and into animal tissues and blood, depending on the pH differential between seawater and the animal. Photosynthesis by the zooxanthellae influences ammonium availability in the hemolymph by increasing pH in the mantle during the day, thereby decreasing the pH gradient between the hemolymph and the seawater so that less (or no) ammonia can diffuse in from seawater or host tissues. However, with a decrease in pH at night, ammonia again diffuses down a pH gradient from seawater into the hemolymph and clam tissues to be used potentially by both animal tissue and algae. This mechanism of functionally regulating ammonium availability to zooxanthellae and host tissues could also occur in symbiotic cnidarians, including reef-building corals, and act to control zooxanthellae growth and division, the latter occurring at night. Diel patterns in calcification of corals, involving a midday reduction in rates (Chalker and Taylor 1978) as well as the rapid growth of branching corals that occurs in the tips containing low densities of zoo-' xanthellae, may be related phenomena.
